Clostridium perfringens type C isolates cause fatal, segmental necro-hemorrhagic enteritis in animals and humans. Typically, acute intestinal lesions result from extensive mucosal necrosis and hemorrhage in the proximal jejunum. These lesions are frequently accompanied by microvascular thrombosis in affected intestinal segments. In previous studies we demonstrated that there is endothelial localization of C. perfringens type C ␤-toxin (CPB) in acute lesions of necrotizing enteritis. This led us to hypothesize that CPB contributes to vascular necrosis by directly damaging endothelial cells. By performing additional immunohistochemical studies using spontaneously diseased piglets, we confirmed that CPB binds to the endothelial lining of vessels showing early signs of thrombosis. To investigate whether CPB can disrupt the endothelium, we exposed primary porcine aortic endothelial cells to C. perfringens type C culture supernatants and recombinant CPB. Both treatments rapidly induced disruption of the actin cytoskeleton, cell border retraction, and cell shrinkage, leading to destruction of the endothelial monolayer in vitro. These effects were followed by cell death. Cytopathic and cytotoxic effects were inhibited by neutralization of CPB. Taken together, our results suggest that CPB-induced disruption of endothelial cells may contribute to the pathogenesis of C. perfringens type C enteritis.
piglets within the first few days postpartum (12, 14, 43) . Macroscopic lesions at necropsy are pathognomonic, with deep, segmental mucosal necrosis and massive hemorrhage in the small intestine. In most cases the lesions are confined to the proximal jejunum; however, they can extend into the distal small intestine and the colon. This suggests that lesions are initiated in the upper small intestine and can spread rapidly throughout the intestine. In addition to these marked necrohemorrhagic lesions, thrombosis of small vessels in the lamina propria and submucosa is a consistent finding (12, 14) . A more protracted clinical course of type C enteritis is seen mainly in piglets that die when they are 1 to 3 weeks old (12, 14, 43) . The pathological lesion is a segmental to diffuse fibrino-necrotizing enteritis. Histopathologically, such cases are characterized by demarcation of the deeply necrotic mucosa by marked infiltration of neutrophilic granulocytes. Similar acute and subacute forms of type C enteritis also occur in humans (6, 18, 21) . In humans, however, subacute lesions are more often described as multifocal patchy necrosis of the small intestine. Again, mucosal and submucosal vascular thrombosis is a frequent finding, especially in acute lesions (20, 21) .
Besides the clear epidemiological evidence for the importance of CPB in type C enteritis (41, 42) , recent experimental studies using a rabbit intestinal loop model and a mouse infection model clearly demonstrated that CPB is the essential virulence factor of type C strains (38, 47, 49) . In rabbit ileal loops, application of purified CPB and infection with C. perfringens type C strains caused villous tip necrosis, which indicated that there was initial intestinal epithelial damage. Vascular thrombosis in mucosal and submucosal vessels was also observed in this model. In general, the vascular damage observed in naturally occurring and experimentally induced type C enteritis is considered a secondary effect due to massive epithelial and mucosal necrosis (22, 43) . However, the potential direct effects of exotoxins on vascular endothelia during type C enteritis have never been investigated.
CPB is a beta-barrel-pore-forming toxin (9) that has been shown to form oligomers in the membrane of human endothelial cells (44) and the human HL 60 cell line (31) . So far, cytotoxic and cytopathic effects of CPB have been demonstrated only for HL 60 cells. HeLa, Vero, CHO, MDCK, Cos-7, P-815, and PC12 cells were not sensitive to this toxin (31, 40) . These findings indicate that CPB toxicity is cell type specific and most likely occurs via binding to specific membrane receptors. Recently, we localized CPB at vascular endothelial cells in acute type C enteritis lesions in piglets and a human patient (28, 29) . As a result of this, we hypothesized that direct targeting of endothelial cells and induction of local vascular damage could contribute to the rapid tissue necrosis observed in the acute form of type C enteritis. To validate our initial reports, we performed additional immunohistochemical studies with naturally diseased piglets and subsequently studied the direct cytopathic effects of CPB on cultured primary porcine endothelial cells. The objectives of this study were (i) to evaluate the susceptibility of porcine endothelial cells to CPB in vitro, (ii) to characterize early morphological changes induced by CPB in these cells, and (iii) to relate the findings obtained to pathological lesions observed in acute type C enteritis in piglets. Our results reveal for the first time that porcine aortic endothelial cell (PAEC) cultures are highly sensitive to CPB, which results in rapid disruption of the actin cytoskeleton and retraction of the cell borders progressing to marked cell shrinkage.
MATERIALS AND METHODS
Animals, histopathology, and immunohistochemistry. Tissues from three 1-day-old piglets, which were euthanized for a routine diagnostic workup of piglet mortality in their herds, were used for this investigation. These animals were necropsied immediately after they were euthanized, and they were subsequently diagnosed with type C enteritis based on classical macroscopic (Fig. 1A) and histopathological lesions in combination with isolation of C. perfringens type C from the intestine (1, 14) . Tissues from a piglet which was euthanized and diagnosed with coccidiosis based on histopathological and parasitological evaluations were used as controls. Bacteriologically, C. perfringens type A (cpa ϩ cpb2ϩ), but not C. perfringens type C, was isolated from the small and large intestines. Samples of the small intestine, colon, liver, lungs, spleen, brain, and kidneys of each animal were fixed in 10% buffered formalin 15 min after the animals were euthanized. After 24 h of fixation, tissue sections were embedded in paraffin, routinely processed for histology, cut into 5-m sections, and stained with hematoxylin and eosin (H&E). An immunohistochemistry analysis using anti-CPB and anti-CPA monoclonal antibodies as a control was performed as described previously (28) .
Cell cultures. Thoracic segments of the aortas of a slaughtered 3-month-old pig and a 5-day-old piglet, which were euthanized for diagnostic purposes, were obtained under sterile conditions, placed in culture medium (Dulbecco modified Eagle medium [DMEM] containing 10% fetal calf serum [FCS] , 1ϫ antibioticantimycotic [Gibco] , and 20 mM L-glutamine), transferred to a cell culture workbench, opened longitudinally, and washed. Thirty minutes after the animals died, endothelial cells were scraped off and transferred to fibronectin-coated tissue culture plates to establish separate primary cell cultures from the two donors. Primary porcine aortic endothelial cell (PAEC) cultures were grown to confluence at 37°C in the presence of 5% CO 2 and passaged. The endothelial origin and purity of cells were verified by immunofluorescence using anti-rat PECAM-1 antibody (Millipore) (46) . Cells in passage 3 were frozen in liquid nitrogen and used as stock cultures. Porcine primary fibroblasts were isolated from skin excised from a 5-day-old piglet that was euthanized for diagnostic purposes. The tissue was placed in DMEM containing 10ϫ antibiotic-antimycotic and incubated for 6 h at 4°C. The epidermal layer was manually separated from the dermis after overnight incubation in 10 mg/ml dispase (Roche). Dermal tissue was dissociated by incubation in trypsin-EDTA (Bioconcept) with gentle agitation, and cells were seeded into tissue culture flasks in DMEM containing 10% FCS, 20 mM L-glutamine, 1 ng/ml acidic fibroblast growth factor (aFGF), and 1 ng/ml basic fibroblast growth factor (bFGF) (Gibco). Fibroblasts in passage 3 were frozen as stock cultures in liquid nitrogen. For all experiments, PAEC and fibroblasts were thawed, propagated, seeded at a density of 1.33 ϫ 10 4 per cm 2 , and grown to confluence for 5 (PAEC) or 7 (fibroblasts) days. The cells used for experiments were exclusively passage 4 to 9 cells. To eliminate the possibility of donor-specific differences in endothelial cell responses, each experiment was performed separately with PAEC from both donors. All experiments were performed in duplicate.
Production of C. perfringens culture supernatants. Two clinical porcine C. perfringens type C isolates from piglets with necrotizing enteritis and two C. perfringens type A isolates from healthy piglets (Table 1) were grown on blood agar plates. DNA extraction and PCR amplification of cpa, cpb, cpb2, etx, cpe, pfoA, netB, and tpeL were performed as described previously (1, 2, 8, 19 ). 
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Late-log-phase culture supernatants were produced using liquid TGY anaerobic broth (3% tryptic soy broth, 2% glucose, 1% yeast extract, 0.1% L-cysteine) as described previously (8) . After harvest, culture supernatants were chilled on ice, centrifuged (7,500 ϫ g, 20 min), sterile filtered, aliquoted, and stored at Ϫ20°C. Expression and purification of rCPB. The cpb gene was amplified from strain JF 3721 by performing PCR with primers adapted from primers used by Gibert et al. (10) that introduced a SmaI site at the 5Ј end (TTCCCGGGGCAGCAA TGATATAGGTAAAACTACTAC) and a NotI site at the 3Ј end (TTGCGGC CGCCTAAATAGCTGTTACTTTGTGAG). Sequencing confirmed that there was 100% identity with the previously published gene sequence. The cpb gene was cloned into pGEM-T (Promega) and subcloned into pET 43.1a (Novagen), and recombinant CPB (rCPB) was expressed in Escherichia coli BL21 (Novagen) in a fusion with an N-terminal 495-amino-acid Nus-Tag protein. After affinity purification on Ni columns, the Nus-Tag protein was cleaved using a thrombin cleavage capture kit (Novagen). To obtain a sufficient yield of rCPB, the manufacturer's protocol was changed so that the preparation was incubated with 5 U/ml of biotinylated thrombin for 4 h at 4°C. Even under these conditions, a considerable amount of fusion protein remained uncleaved, and degradation of the fusion protein, indicated by additional bands (see Fig. 3 , lanes 2 and 3), clearly occurred. Thrombin was subsequently removed using streptavidin-coated beads. rCPB was harvested at a concentration of 60 g/ml (for quantification, see below). To eliminate toxic effects of contaminating proteins or trace amounts of thrombin, noncleaved rCPB-Nus-Tag fusion protein and mock purification from E. coli BL21 harboring the empty vector, which was incubated with thrombin as described above for rCPB, were used as controls in all experiments.
Quantification of rCPB. Recombinant CPB was subjected to 10% SDS-PAGE, and protein bands were stained using Sypro Ruby protein gel staining (Sigma). The Precision Plus unstained standard (Bio-Rad) was used as a reference, and protein bands were photographed using the U:Genius gel documentation system (Syngene). Concentrations of rCPB were calculated using AIDA software (Image Analyzer for Windows). Western blotting was performed as described below.
Western blotting and quantification of CPB in culture supernatants. C. perfringens culture supernatants were boiled in Laemmli buffer, and 20-l samples were subjected to 10% SDS-PAGE and then transferred to nitrocellulose membranes and developed with anti-CPB monoclonal antibody 10A2 (MAb-CPB) (1:1,000 dilution; Centre for Veterinary Biologics, Ames, IA) and goat antimouse IRDye 800 secondary antibody (1:5,000 dilution; Li-Cor Biosciences). Serial dilutions of rCPB were used to create a standard curve for quantification of CPB in culture supernatants by Western blotting. CPB signals were visualized and scanned using an Odyssee infrared imager (Li-Cor). CPB signal intensity was measured using Odyssee 2.1 software, and concentrations were calculated and subsequently equalized to obtain a concentration of 2.5 g CPB/ml of TGY broth (Table 1) .
Cytotoxicity assays. Confluent cells were exposed to 1:10 to 1:1,280 (vol/vol) dilutions of C. perfringens culture supernatants in serum-free endothelial cell culture medium (SFM) (Gibco). rCPB was added to SFM to obtain CPB concentrations similar to those estimated for diluted C. perfringens type C culture supernatants. Cells grown in 96-well plates were incubated with 150 l of SFM containing different dilutions of culture supernatants or recombinant toxin preparations at 37°C in the presence of 5% CO 2. At different time points, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) cell viability tests were performed as described previously (30) . SFM containing 10% TGY broth was used to determine reference values. The MTT test values for each concentration were determined in duplicate, and each experiment was performed twice for each cell culture, which resulted in four data points per group and dilution. All data were expressed as percentages of the baseline value (value obtained with serum-free medium). The effects of group and dilution on the values were assessed using two-way analysis of variance (ANOVA) (full model, including interaction). In addition, a one-way ANOVA with the post hoc Tukey-Kramer multiple-comparison routine was used to identify significant group differences for each dilution. The overall level of statistical significance (P value) used was Ͻ0.05. All statistical analyses were performed with the NCSS 2007 statistical software package (NCSS, Kaysville, UT).
Cytopathic effects and light microscopy. Confluent PAEC and porcine fibroblasts grown in LabTek slides (Nunc) were incubated with 200 l SFM containing the concentrations of C. perfringens culture supernatants, rCPB, and control preparations used for MTT assays. After 1 and 3 h of incubation, the medium was removed, and the cells were fixed and stained using a Diff-Quik staining kit (BD Biosciences). Cells were viewed and photographed using an Olympus BHX-51 microscope with a ProgRres C5 digital camera and ProgRres Capture Pro 2.7 software (Jenoptik).
Imaging of live cells. Confluent PAEC cultures in collagen-coated glass bottom six-well plates (MatTek) and confluent porcine fibroblasts were incubated with SFM containing 5 g/ml propidium iodide (33) and 32 ng/ml rCPB or JF 3721 culture supernatant diluted so that it contained the same concentration of CPB. Cells were placed on a TE2000E-PFS microscope (Nikon) equipped with a CFI Plan Fluor ELWD ϫ40 objective (Nikon), an Orca-ER charge-coupled device (CCD) camera (Hamamatsu), and an incubation chamber (Life Imaging Services), and images were recorded at 37°C in the presence of 5% CO 2 for 20 h at 5-min intervals using the NIS Elements software (Nikon).
Immunofluorescence. Confluent PAEC and porcine fibroblasts grown in LabTek slides (Nunc) were incubated with 200 l SFM containing concentrations of C. perfringens culture supernatants, rCPB, and purified controls similar to the concentrations used for MTT assays. After 1 and 3 h of incubation, cells were washed with phosphate-buffered saline (PBS), fixed (1% paraformaldehyde, 20 min, room temperature), and permeabilzed (0.1% Triton X-100, 5 min). F-and G-actin were stained using Phalloidin 546 (Alexa Fluor), and nuclei were stained with Hoechst 33258 (Molecular Probes). All washing steps were performed with PBS (pH 7.5; three times for 5 min). Coverslips were mounted with fluorescence mounting medium (Dako Cytomation). Slides were viewed with a Nikon Eclipse 800 fluorescence microscope. Digital photographs were processed using the OpenLAB 5.0 software package (Improvision).
Antibody neutralization experiments. C. perfringens culture supernatants and recombinant toxin preparations were preincubated with neutralizing mouse anti-CPB monoclonal antibody (MAb-CPB) or anti-CPA monoclonal antibody (MAb-CPA) (Centre for Veterinary Biologics) for 30 min at room temperature. For complete inhibition with excess amounts of antibody, 10 l antibody stock solution per 100 l SFM containing toxin was used. Serial 10-fold dilutions of the antibody were used to examine dose-dependent inhibition of CPB.
RESULTS

Histopathology and immunohistochemistry.
Our previous studies demonstrated that CPB bound to vascular endothelial cells in piglets with acute C. perfringens type C enteritis terminal lesions. To eliminate the possibility of postmortem binding of CPB to necrotic vessels, we investigated three piglets which were euthanized and subsequently diagnosed with typical acute C. perfringens type C enteritis (Fig. 1A) . We specifically examined macroscopically unaffected distal segments of the jejunum, because these areas are the areas most likely to exhibit lesions indicative of progression of necrosis along the small intestine. Histopathology and immunohistochemistry analyses of jejunal segments with fully developed necro-hemorrhagic lesions revealed widespread vascular thrombosis and endothelial localization of CPB, as described previously (28) (data not shown). In caudal, macroscopically unaffected jejunal segments there was only multifocal loss of epithelial cells and occasional villous tip necrosis. These segments also exhibited early signs of fibrin thrombus formation in vessels in the lamina propria (Fig. 1B) . Strong CPB staining was seen on the endothelial lining of these vessels but not on epithelial cells (Fig.  1C) . No lesions or evidence of CPB was seen in colon, liver, lung, kidney, and brain sections (data not shown). Control sections from a piglet with superficial necrotizing enteritis due to Isospora suis infection did not show a CPB-positive reaction ( Fig. 1D and E) . These results suggested that CPB-mediated damage to vascular endothelial cells of mucosal vessels could play a role during the rapid spread of intestinal necrosis in C. perfringens type C enteritis. Cytotoxicity of C. perfringens type C culture supernatants. We compared the susceptibilities of PAEC and porcine fibroblasts to serial dilutions (1:10 to 1:1,280) of supernatants from C. perfringens type C and type A isolates described in Table 1 . Both type C strain supernatants (JF 3719 and JF 3721) resulted in a marked, dose-dependent reduction in cell viability in PAEC cultures (Fig. 2A) . Marked cytotoxic effects were demonstrated by the MTT test after 5 h. Markedly reduced cell viability was still evident when culture supernatants were diluted so that they contained 16 ng/ml of CPB (160-fold dilution). Incubation with diluted type A strain supernatants (JF 3693 and JF 3686) had no effect on the viability of PAEC at 5 h ( Fig. 2A ) or 20 h (data not shown). There was no difference between PAEC from the two different donors. The viability of porcine fibroblasts was not affected under the same experimental conditions (data not shown). These results indicated that type C culture supernatants were highly toxic to PAEC.
CPB neutralization inhibits cytotoxicity of C. perfringens type C culture supernatants. We further elucidated the essential contribution of CPB to cytotoxic effects on PAEC by neutralization with an anti-CPB monoclonal antibody. In both type C culture supernatants, preincubation with the antibody inhibited cytotoxic effects on endothelial cells in a dose-dependent manner (Fig. 2B) . Preincubating the same supernatants with a CPA-neutralizing monoclonal antibody had no effect on cytotoxicity (Fig. 2B ). This indicated that CPB was an essential factor for cytotoxicity in type C culture supernatants.
Cytotoxicity of recombinant CPB. To prove that CPB was not only essential but also sufficient to induce cytotoxic effects in PAEC, we used recombinant CPB expressed in E. coli (Fig.  3) . Incubation of PAEC from both donors with rCPB resulted in a dose-dependent reduction in cell viability (Fig. 4A) . In contrast to the results for type C culture supernatants, cytotoxicity was detected by the MTT test after 12 h of incubation (Fig. 4A) , but not at earlier time points (5 h and 8 h) (data not shown). Cytotoxic effects were also evident when 13 ng/ml rCPB was used (Fig. 4A) . Control incubations using uncleaved rCPB-Nus-Tag fusion protein or Nus-Tag mock purification did not affect the viability of PAEC. Furthermore, neutralization of rCPB inhibited cytotoxicity for PAEC (Fig. 4B) , whereas preincubation of rCPB with anti-CPA monoclonal antibodies did not inhibit cytotoxicity (data not shown). Porcine fibroblasts incubated with rCPB did not exhibit reduced viability (data not shown).
CPB has early morphological effects in endothelial cells. Even before reduced cell viability was detected by the MTT test, PAEC showed striking morphological changes when they were exposed to CPB. After 3 h of exposure to type C culture supernatants (JF 3719 and JF 3721) (Fig. 5) diluted so that the 
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C. PERFRINGENS BETA-TOXIN EFFECTS ON ENDOTHELIAL CELLS 2969 medium contained 32 ng CPB/ml, methanol-fixed cells exhibited marked cell shrinkage and karyopyknosis. Incubation of PAEC with 32 ng rCPB/ml medium induced similar, but less severe, morphological changes (Fig. 5) . Live cell imaging revealed that after 15 min of exposure to type C supernatants the intercellular spaces between PAEC started to widen (see Fig.  S1 in the supplemental material). These spaces expanded with time, as PAEC exhibited rapid and progressive cell border retraction, cell shrinkage, cytoplasmic blebbing, and cell rounding. Similar concentrations of rCPB induced the same morphological changes, albeit less rapidly (see Fig. S2 in the supplemental material). Cytoplasmic blebbing was observed only at higher concentrations (1 g/ml rCPB) (data not shown). Corresponding to the results of the cell viability test, propidium iodide influx into the nuclei of the majority of cells was observed between 2 and 4 h after the initial exposure to type C supernatants and 10 to 12 h after the initial exposure to 32 ng rCPB/ml medium (see Fig.  S1 and S2 in the supplemental material). Cytopathic effects were eliminated by preincubation with anti-CPB monoclonal antibody (Fig. 5) but not by preincubation with anti-CPA antibodies (data not shown). Control type A supernatants (Fig.  5) , rCPB-Nus-Tag, and Nus-Tag mock purification (data not shown) did not induce cytopathic effects, even after prolonged incubation (up to 20 h) (data not shown). Porcine fibroblasts did not show comparable morphological alterations under the same experimental conditions (see Fig. S3 and S4 in the supplemental material). These results demonstrated that CPB not only was highly active with PAEC but was the essential toxin that induced rapid morphological changes in these cells. CPB induces rapid cytoskeletal disruption in endothelial cells. One hour after PAEC were exposed to rCPB (at concentrations ranging from 32 ng/ml to 1 g/ml), marked disruption of actin filaments was observed (Fig. 6 ). This effect progressed over time (Fig. 6) , and preincubation of rCPB with MAb-CPB inhibited this effect. Uncleaved rCPB-Nus-Tag fusion protein did not induce cytoskeletal disruption, even at concentrations up to 3 g/ml (Fig. 6 ). Type C culture supernatants, but not type A culture supernatants, induced disruption of the actin cytoskeleton in PAEC (data not shown). Again, preincubation with neutralizing anti-CPB antibody inhibited the cytoskeletal changes (data not shown). Porcine fibroblasts were not affected under the same experimental con- ditions (Fig. 6) . These results indicated that CPB induced rapid disruption of the actin cytoskeleton in PAEC.
DISCUSSION
Acute C. perfringens type C enteritis in animals and humans is characterized by segmental mucosal necrosis and hemorrhage of the small intestine and, in fewer cases, the large intestine (6, 14, 20, 23) . Vascular thrombosis of small and medium-sized vessels occurs in the mucosa of affected smallintestine segments in the acute form of type C enteritis in piglets and humans (12, 14, 20, 21) . This observation has received little attention because vascular damage has been considered a direct consequence of widespread epithelial necrosis (21, 43) . Our recent observation that CPB was consistently localized at endothelial cells in acute lesions of spontaneous type C enteritis in piglets (28) led us to hypothesize that disruption of endothelial cells by CPB could contribute to the pathogenesis of type C enteritis. Therefore, in the present study, we tested whether CPB has cytopathic and cytotoxic effects on cultured porcine endothelial cells in vitro.
Our results show that PAEC were highly sensitive to CPBcontaining type C culture supernatants. The immediate cytopathic effects in PAEC were characterized by rapid disruption of the actin cytoskeleton and retraction of the cell borders, which progressed to marked cell shrinkage. These effects were dose dependent and induced by type C culture supernatants but not by type A culture supernatants. To prove that CPB was the essential factor causing the cytopathic effects in PAEC in vitro, we used two independent approaches: (i) neutralization of CPB by monoclonal antibodies (38, 47, 49) and (ii) use of recombinant CPB. Neutralization of CPB inhibited cytopathic effects on PAEC in a dose-dependent manner. Additionally, rCPB induced cytopathic and cytotoxic effects in endothelial cells similar to those induced by type C culture supernatants. Again, these effects were inhibited by neutralization of CPB. Importantly, cytoskeletal disruption and cell border retraction occurred as early as 1 h after exposure of PAEC to very low concentrations (32 ng/ml) of rCPB. Loss of cell viability and propidium iodide influx, indicating cell death, became evident later, after 8 to 12 h of exposure. This was in contrast to the more rapid cell death that occurred between 2 and 5 h after exposure to type C culture supernatants. The difference most likely was due to synergistic effects of other toxins or enzymes secreted by type C strains into culture supernatants.
Endothelial cells form a vital barrier that controls the exchange of cells, macromolecules, and fluids between the vascular lumen and the surrounding tissue. They also maintain the normal blood flow due to their antiplatelet, anticoagulant, and fibrinolytic properties (5, 48) . Disruption of the endothelial barrier leads to increased vascular permeability along with tissue edema and hemorrhage. Furthermore, it augments local coagulation and vascular thrombosis (5, 48) . Cytopathic effects on endothelial cells, such as those observed in our study, could therefore contribute to vascular thrombosis. Johannsen et al. (15, 16) demonstrated that in experimental type C infections in piglets endothelial damage and microvascular thrombosis in small-intestine villi occurred shortly after ultrastructural alterations in enterocytes but before marked epithelial necrosis became evident. Our in vitro results indicate for the first time that direct interaction of CPB with endothelial cells could be involved in this process.
In our study, we used readily obtainable aortic endothelial cells as a model for porcine vascular endothelial cells. By performing all experiments with PAEC from two different pigs we eliminated donor-specific differences in cellular reactions (4) . However, cultured macrovascular endothelial cells can differ from microvascular endothelial cells in phenotype and in the response to toxins (35) . Therefore, we could not eliminate differences in the susceptibility of small-intestine microvascular endothelial cell cultures to CPB. Nevertheless, as reported previously for E. coli Shiga toxin, target organ-derived microvascular endothelial cell cultures could be expected to be more sensitive to toxins than aortic endothelial cells (13, 32) . More importantly, our in situ investigations demonstrated that there was binding of CPB to endothelial cells in small-intestine mucosal vessels. Thus, it is conceivable that our in vitro results can be extrapolated to intestinal microvascular endothelial cells. Consistent with our previous study (28) , CPB was detected by immunohistochemistry only in or adjacent to small-intestine lesions. This suggests that CPB acts mainly on endothelial cells close to damaged mucosa. A possible explanation for this is that once CPB is absorbed by the bloodstream, rapid degradation and dilution might prevent accumulation of the toxin at concentrations required for marked systemic endothelial damage and thrombosis. The proposed pathogenic mechanism for endothelial damage involves initial uptake of CPB through the intestinal epithelial barrier. The experimental trials with piglets carried out by Johannsen et al. (15, 16) and the recent studies using the rabbit ileal loop model (38, 49) indicated that FIG. 6 . rCPB-induced disruption of the actin cytoskeleton in PAEC: fluorescent staining of F-actin in PAEC after 1 and 3 h and in porcine fibroblasts after 3 h of incubation with serum-free medium (SFM), 32 ng/ml rCPB, 32 ng/ml rCPB preincubated with MAb-CPB, and 3 g/ml rCPB-Nus-Tag fusion protein. Disruption of the actin cytoskeleton was visible 1 h after exposure to rCPB. The effect increased over time (3 h) and was inhibited by neutralization of rCPB. The actin cytoskeleton of porcine fibroblasts was not affected.
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C. PERFRINGENS BETA-TOXIN EFFECTS ON ENDOTHELIAL CELLS 2971 epithelial cell necrosis is an initial event during the pathogenesis of type C enteritis. Additionally, C. perfringens type C damages intestinal epithelial cell-like Caco-2 cells in vitro (50) . It is therefore conceivable that the initial overgrowth of C. perfringens type C and toxin production damage the intestinal epithelial barrier, leading to increased absorption of CPB and other toxins from the intestine. Interestingly, we could not demonstrate binding of CPB to epithelial cells in the intestines of naturally diseased piglets. However, the lesions in these animals represent the final stage of the acute disease, where necrosis has already occurred to a large extent. The 6-h experimental infections in rabbit intestinal loops, therefore, more closely represent the initial stages of the disease. Thus, widespread small-intestine microvascular thrombosis could be a characteristic lesion only during later phases of the disease, when mucosal necrosis extends to large areas of the intestine. Based on our results, we hypothesize that when CPB is taken up after initial damage of the jejunal epithelium, it diffuses toward and binds to endothelial cells of blood vessels within villi. Binding to unknown receptors would result in oligomerization, membrane pore formation, and cytopathic effects leading to disruption of the endothelial barrier. Immediate consequences of this would be tissue edema and extravasation of erythrocytes into the surrounding tissue. If sufficient amounts of CPB can reach the local vasculature, cytopathic effects on endothelial cells could contribute to rapid microvascular thrombosis and ischemic mucosal infarction. This in turn would favor clostridial proliferation and further toxin secretion. Direct endothelial toxicity and potentially epithelial toxicity, as well as hematogenous spread of CPB and other toxins, could then lead to the fulminant and progressive tissue necrosis observed in the acute form of C. perfringens type C enteritis. Effects of CPB on cultured porcine small-intestine epithelial cells are currently being investigated in our laboratory. Preliminary results obtained using similar experimental approaches indicate that intestinal epithelial cells are less sensitive to rCPB and type C culture supernatants than endothelial cells are (unpublished data). However, detailed studies on the effect of CPB on additional parameters, such as paracellular permeability in epithelial layers, should be performed. Different histotoxic clostridial infections frequently cause massive hemorrhaging and necrosis in affected tissues (45) . For example, C. perfringens type A-induced gas gangrene is characterized by rapid spread of myonecrosis, which for the most part involves rapid expansion of vascular thrombosis (5). C. perfringens can produce several toxins, such as CPA and PFO, which induce a procoagulative state locally (3, 5, 11) , and it is possible that they also contribute to vascular thrombosis in type C enteritis. Nevertheless, direct endothelial damage mediated by CPB or similar toxins might be an important mechanism by which clostridia induce fulminant progression of ischemic tissue necrosis.
Taken together, our results suggest that CPB-mediated disruption of the endothelial barrier contributes to the pathogenesis of C. perfringens type C enteritis. Further analysis of the molecular interaction of the bacterium and its toxins with intestinal epithelial cells and intestinal microvascular endothelial cells is needed to unravel the complex pathogenesis of the fulminant intestinal necrosis observed in this disease. Because hemorrhaging and ischemic necrosis are typical features of many histotoxic clostridial infections, targeted disruption of the endothelium by exotoxins might be a common pathogenic mechanism used by these pathogens. Our approach, combining in vitro studies based on potential target cell cultures derived from natural hosts with in situ investigation of spontaneously affected animals, is an extension of current experimental animal models and provides a basis for more in-depth experimental studies, including infectious trials with pigs. Due to the similarities between spontaneous animal and human clostridial diseases, such studies should improve our understanding of the pathogenesis of these diseases in animals and humans.
